Oosterhof R, Ith M, Trepp R, Christ E, Flück M. Regulation of whole body energy homeostasis with growth hormone replacement therapy and endurance exercise. Physiol Genomics 43: 739-748, 2011. First published March 29, 2011 doi:10.1152/physiolgenomics.00034.2010.-We hypothesized that network analysis is useful to expose coordination between whole body and myocellular levels of energy metabolism and can identify entities that underlie skeletal muscle's contribution to growth hormone-stimulated lipid handling and metabolic fitness. We assessed 112 metabolic parameters characterizing metabolic rate and substrate handling in tibialis anterior muscle and vascular compartment at rest, after a meal and exercise with growth hormone replacement therapy (GH-RT) of hypopituitary patients (n ϭ 11). The topology of linear relationships (| r | Ն 0.7, P Յ 0.01) and mutual dependencies exposed the organization of metabolic relationships in three entities reflecting basal and exercise-induced metabolic rate, triglyceride handling, and substrate utilization in the pre-and postprandial state, respectively. GH-RT improved aerobic performance (ϩ5%), lean-to-fat mass (ϩ19%), and muscle area of tibialis anterior (ϩ2%) but did not alter its mitochondrial and capillary content. Concomitantly, connectivity was established between myocellular parameters of mitochondrial lipid metabolism and meal-induced triglyceride handling in serum. This was mediated via the recruitment of transcripts of muscle lipid mobilization (LIPE, FABP3, and FABP4) and fatty acid-sensitive transcription factors (PPARA, PPARG) to the metabolic network. The interdependence of gene regulatory elements of muscle lipid metabolism reflected the norm in healthy subjects (n ϭ 12) and distinguished the regulation of the mitochondrial respiration factor COX1 by GH and endurance exercise. Our observations validate the use of network analysis for systems medicine and highlight the notion that an improved stochiometry between muscle and whole body lipid metabolism, rather than alterations of single bottlenecks, contributes to GH-driven elevations in metabolic fitness. system physiology; molecular; metabolism; network METABOLIC FITNESS IS AN IMPORTANT indicator of physical health as it reflects the functional reserve of the body to raise energy expenditure (EE) above metabolic rate at rest (4, 10). It is typically assessed indirectly from maximal oxygen uptake (V O 2max ) during sustained endurance exercise because the elevated EE is largely covered by aerobic processes. Skeletal muscle is the main contributor of the increased energy consumption with contractile work. Consequently, a sizeable increase in the mobilization and aerobic conversion of lipids and carbohydrates in intramyocellular mitochondria can be observed with intense exercise (reviewed in Ref. 9; Fig. 1) .
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A main observation with metabolic fitness is that there is considerable variability across human individuals (27) . These differences reflect quantitative variation in the components of the metabolic pathways that supplies organic substrates through the cardiovascular system to contracting muscle fibers (25) . This relates to fact that V O 2max with exercise reflects the coupling between the serially aligned steps of the path between oxygen (O 2 ) uptake in the lung, O 2 transport in the vasculature and aerobic capacity in working muscle as set by mitochondrial density (13) . Variability in metabolic fitness is partially explained by the large degree of plasticity in muscle's aerobic metabolism in response to changes in activity-induced EE (2, 13) . Similarly, modifications in endocrine control (16) exert an important influence on metabolic fitness.
How adaptations of the different levels (scales) of metabolic regulation in muscle integrate to control whole body metabolism, by exercise and hormonal factors in particular, is not understood (10, 31) . The comparison of adjustments induced by endurance training shows that correlations exist between maximal caloric expenditure during endurance exercise, V O 2max , structural correlates of aerobic metabolism in recruited muscle (capillarity and mitochondrial volume density) and muscle transcripts of lipid metabolism (22, 33) . This quantitative match suggests that transitions in metabolic fitness may be reflected by corresponding regulation between the molecular, cellular and tissue level of the aerobic pathway.
Growth hormone (GH) deficiency is a suitable paradigm to investigate the hormonal control of metabolic fitness since the associated metabolic dysfunction (dyslipidemia, and reduced exercise capacity) can be corrected with growth hormone replacement therapy (GH-RT; 15, 17, 19, 28) . Improved fitness with GH-RT is reflected by increased oxygen uptake at the anaerobic threshold, improved lipid handling, and modified basal metabolic rate (19, 28) . These adjustments resemble the effect of endurance training as it involves the upregulation of gene transcripts for critical factors of lipid metabolism in skeletal muscle fibers [i.e., hormone-sensitive lipoprotein lipase (LIPE), alpha-subunit of peroxisome proliferator-activated receptor (PPARA), fatty acid-binding protein of muscle, and lipoprotein lipase (LPL)] (14, 22) . However, altered expression of lipid oxidation genes is not always seen in skeletal muscle of GH-treated rodents and humans (reviewed by Vijayakumar et al. Ref. 30) . This parallels the findings that the amelioration in whole body aerobic performance with GH-RT is not explained by altered volume content in components of substrate pathways in muscle, i.e., mitochondria, and capil-laries, or adjustments in mitochondrial gene expression (28) . Thus the mechanism by which skeletal muscle contributes to the GH stimulated improvement of lipid handling is currently unknown.
We wished to exploit whether altered coordination between the biological scales of metabolic function underlies improved metabolic fitness induced by GH-RT. Toward this end we deployed a network approach that was recently introduced to map entities that underlie clinically improved biological states (1, 6) . We hypothesized that 1) mutual linear relationships would exist between molecular, myocellular, and system parameters of lipid and carbohydrate handling in tibialis anterior muscle and systemically in the basal, diet-, and activityinduced metabolic state and that 2) changes in the topology of the metabolic network with GH-RT and with exercise would expose the mechanism that integrates GH-dependent body metabolic functioning.
METHODS

Study design.
This study combined the analysis of published data on basal, diet-, and activity-induced metabolism in 11 hypopituitary patients before and after 4 mo of GH-RT with data from 12 healthy subjects.
The measures from the hypopituitary patients [age, 45.0 Ϯ 4.0 yr; body mass index (BMI), 27.3 Ϯ 0.8 kg/m 2 ; 7 males, 4 females] and the study protocol have previously been reported (28) . In brief, V O2max and oxygen consumption at the ventilatory threshold (V O 2VT) were determined during an incremental workload test to exhaustion with an electronically braked bicycle ergometer (Ergoline; Pilger, St. Gallen, Switzerland). Continuous analysis of expired oxygen, carbon dioxide content, and minute ventilation using a breath-by-breath analysis (Oxycon alpha; Jaeger, Würzburg, Germany) was performed. The subjects began at a workload of 20 watts, which was gradually increased by 10 -20 watts every minute until exhaustion. The increase in workload was chosen to obtain an exercise time of 10 -12 min. are mobilized from extramuscular sources and imported via capillary supply lines as into the myofiber, where they may be stored as glycogen, or intramuscular TG, respectively, for later combustion. TG metabolization is an obligatory aerobic process that takes place in mitochondria via beta-oxidation of fatty acids (FA) and the Krebs cycle. In contrast, the "metabolic conversion" of carbohydrates via glycolysis in the cytoplasm is anaerobic and is not necessarily coupled to mitochondrial respiration. The decomposition of organic backbones in mitochondria produces reduction equivalents and CO2, the former of which drive the oxygen-dependent generation of ATP via coupling to respiratory chain. The boxes show crucial factors of these metabolic pathways whose transcript expression was investigated. GLUT4 represents the facultative glucose transporter 4. PFK (6-phosphofructo-kinase of muscle) represents a main control step for entry of activated glucose (i.e., glucose 6 phosphate. G-6-P) into the glycolytic pathway. FABP4 is the fatty acid binding protein of adipocytes. Endothelial LPL (lipoprotein lipase) is involved in hydrolyzing TG into FA in the vasculature, which is then imported through the interstitium into the myocellular compartment. FABP3 (fatty acid-binding protein of muscle) plays a main role in the intramyocellular transport of free FA. LIPE (transcript of hormone-sensitive lipoprotein lipase) liberates free FA from IMCL (intramyocellular lipids) for mitochondrial oxidation. COX1 (cytochrome c oxidase subunit 1) and COX4 (cytochrome c oxidase subunit 4) are responsible for oxygen-dependent ATP production during mitochondrial respiration. PPARA and PPARG are the alpha-and gamma-subunits of peroxisome proliferator-activated receptor, respectively, which are master regulators of transcript expression of factors of lipid metabolism.
Basal metabolic rate was assessed by indirect calorimetry using Deltatrac II (AVL Medical Systems, Schaffhausen, Switzerland) in a quiet room during 20 min at a temperature of 22°C after an overnight fast. Blood samples were taken to measure plasma concentrations of hormones (IGF-I, insulin, cortisol, free triiodothyronine, free thyroxine, thyroid-stimulating hormone, high-sensitivity C-reactive protein), metabolites [lipid profile, nonesterified free fatty acids (NEFA), glucose]. Usual medication was administered. Postprandial (diet-induced) metabolism was investigated using a standardized meal consisting of 35% fat, 45% carbohydrate and 20% protein (Clinutren Mix; Nestlé, Vevey, Switzerland) and containing calories corresponding to 1/3 of the individual basal metabolic rate. Blood samples for glucose, insulin, triglycerides, and NEFA were taken at regular intervals for 4 h. Postprandial metabolic rate was determined during the last 20 min of the meal test. Identical test were performed twice in patients (before and after GH-RT) and once in the control subjects. Additionally new data on muscle cross-sectional area and postprandial substrate metabolism were included.
Furthermore we measured the volume content of muscle organelles (capillaries, fiber area, mitochondria, and intramyocellular lipids) by morphometry and the expression of 11 gene transcripts with RT-PCR from biopsy material as sampled pre-and post-GH-RT from tibialis anterior muscle after a 3-day phase of increased physical activity. The quantified transcripts concerned ten factors with key roles in carbohydrate (GLUT4, PFK) and lipid metabolism (FABP4, LPL, FABP3, LIPE), oxidative phosphorylation (COX1, COX4), fatty-acid mediated transcriptional regulation (PPARA, PPARG), and the GH-dependent hormone IGF-I in skeletal muscle (see Fig. 1 ). In total 112 parameters were assessed which covered key variables of muscle and whole body energy metabolism, fuel handling and endocrine regulation in serum (Supplemental Table S1 ). 1 In healthy subjects (n ϭ 12; age, 25.2 Ϯ 1.9 yr; BMI, 22.3 Ϯ 0.6 kg/m2; all males), we assessed activity-induced metabolism from aerobic performance during a V O2max test, muscle ultrastructure (capillaries, fiber size, mitochondria, intramyocellular lipids, glycogen), and transcript expression of the 10 metabolic factors introduced above in biopsies from tibialis anterior muscle as described (22) . Additionally, we included microarray data from the transcriptome response of vastus lateralis muscle of healthy subjects to endurance exercise on an ergometer (Gene Expression Omnibus accession codes GSE 13623 and GSE 2479) in our analysis for mutual relationships between expression changes of gene transcripts (23) .
All experiments were reviewed by and carried out with permission of the ethics committee of the University of Berne and performed in compliance with the Helsinki protocol. All protocols were approved by the canton of Bern.
Statistical analysis. Data were analyzed for connectivity across different levels of metabolic control with network analysis of linear correlations and mutual relationships. Linear relationships were calculated with Pearson correlations using the Statistics Toolbox of Matlab 7.7.0 (version 5.1, the Mathworks) and organized in MS-Excel (Microsoft), and the resulting network was visualized using Tom Sawyer Perspectives. Connectivity (i.e., an edge) was declared if the correlation between two variables (i.e., nodes) complied with the criteria of | r | Ն 0.7 and P Յ 0.01. Subsequently, a topological overlay matrix (18) was constructed and hierarchical clustering was carried out in Matlab 7.7.0 to extract the variables affiliated with an entity. The topological overlap matrix was based on the following measure of similarity:
Where wij is the topological overlap between two nodes i and j, lij is the number of edges nodes i and j have in common, aij indicates whether nodes i and j are connected (aij ϭ 1: connected, aij ϭ 0: not connected), and k indicates the number of edges for a given node. Affiliation of a node with an entity was declared at wij Ͼ 0.59. This threshold reproduced the topology of the network as displayed automatically by Tom Sawyer Perspectives. Stability of the network was tested by plotting the number of edges vs. r and P values as calculated for, respectively, 0.1 and 0.01 intervals of the r and P value. Correspondences at the local (i.e., muscle) level were visualized with a P value-weighted correlation matrix visualizing the product of "r value" ϫ "P value" (11) .
Mutual relationships were assessed with the open accessible algorithm for the reconstruction of cellular networks (ARACNE) according to the published instructions and using the default settings where kernel width and mutual information threshold is automatically determined (15) . The computed interactions were exported by means of a sif file into MS-Excel and visualized using Tom Sawyer software. Tom Sawyer output was exported as svg file and imported into Corel draw X3 (2005 Correl) for final figure assembly.
Statistical power of our network approach was calculated via the determination of the probability of wrongfully assigning nodes to an entity (see Supplemental Methods).
Numerical changes of measured parameters with GH-RT were assessed with a Wilcoxon test (Statistica 8.0, Statsoft). For cases where a one-sided research hypothesis could be formulated based on published evidence a one-tailed test was carried out. P levels were verified for significance by taking false discovery rate within each biological layer into account (3).
RESULTS
Organization of the metabolic network. Subject characteristics are given in METHODS. Using Pearson correlations we assessed whether robust relationships would exist between muscle and system parameters of basal, diet-, and activityinduced metabolism in hypopituitary patients. Network visualization of the correlations (edges) revealed three main entities between local and system components which were unaffected 1 The online version of this article contains supplemental material. Composition of the 3 main entities that are robust before and after growth hormone replacement therapy (GH-RT).
by GH-RT ( Fig. 2A, Table 1 ). This comprised connections between variables of body composition such as lean-to-fat mass and muscle cross section, basal metabolic rate, and exercise performance (entity 1), triglyceride concentration in serum during the meal test (entity 2), and systemic utilization (i.e., respiration) of the substrates carbohydrate, fat and protein, in the pre-and postprandial state (entity 3). None of the stable correlations within the three entities involved a factor reflecting muscle composition (i.e., organelle or gene transcript). Tables 2 and 3 list the nodes with the highest connectivity. Relaxation of the statistical criteria increased the extent of correlation within the entities but did not essentially affect the network topology (Supplemental Fig. S1 ).
Mutual information analysis exposed a comparable number of edges (i.e., 393 vs. 338) and largely similar topology in the network compared with the one seen with Pearson correlations (Fig. 2B ) despite a few, important differences in connectivity (Fig. 2C) . These concerned muscle area (mm 2 ) in the depleted and repleted state, insulin at 0 min, and the LIPE transcript.
GH-dependent alterations in whole body metabolism. Supplemental Table S1 provides an overview of the alterations induced by GH-RT in hypopituitary patients. Post-GH-RT, lean mass, and muscle area of tibialis anterior were elevated by 6 and 2% at the expense of fat content (Ϫ10%). Similarly, levels of muscle transcripts for LIPE (ϩ412%), PPARA (ϩ55%), and IGF-I (ϩ101%) were elevated post-GH-RT. Concomitantly, total EE (ϩ4%), preprandial basal metabolic rate (ϩ7%), peak oxygen consumption at the ventilatory threshold (ϩ17%), and aerobic peak performance (ϩ5%) were increased. The serum indexes demonstrated lowered LDLcholesterin and total cholesterol.
Muscle component of the metabolic network is GH dependent. Before GH-RT, network connectivity was characterized by the three robust entities and a fourth entity reflecting muscle stores and serum metabolites in the preprandial state (Fig. 3A) . Four months of GH-RT increased the number of connected nodes from 593 to 673 (Supplemental Fig. S2 ). The major themes of the changes with GH-RT concerned the metabolome and the transcriptome. This was reflected by the induced connectivity between entity 1 and entity 2 through a new entity 5 (Table 4 ). This latter entity of gene transcripts of lipid metabolism, i.e., FABP3, LIPE, PPARA, and PPARG, established linear relationships between organelles of lipid metabolism in muscle, i.e., mitochondria and intramyocellular lipids, and serum variables of lipid handling after a meal. GH-RT also enhanced correlations between pre-and postprandial substrate utilization in serum in entity 3. Parameters of insulin-regulated lipid and glucose metabolism after a meal and expression levels of related transcripts in skeletal muscle showed importantly increased connectivity with GH-RT (Table 3) .
Mutual information analysis confirmed the important elevation in connectivity for muscle transcripts of lipid mobilization with GH-RT (Supplemental Fig. S3) .
GH shifts the connectivity of intramyocellular metabolism toward lipid oxidation. P value-weighted correlations highlighted an extended correspondence between glycogen content levels and gene transcripts of lipid metabolism in tibialis anterior muscle of the GH-deficient patients before the treatment (Fig. 4A) . After GH-RT this correspondence was lost. Alike correlations between muscle stores and the GLUT4 and PFK transcripts for factors of the early steps of muscle glucose metabolism were gone with GH-RT of The connectivity was calculated from the mean number of edges in Pearson correlations and with mutual information.
GH-deficient patients (Figs. 1 and 3A) . Conversely, highly significant correlations were established between levels of transcripts of lipid metabolism and volume densities of mitochondria (Fig. 4B) .
Expressional regulation of GH-dependent lipid metabolism in skeletal muscle of healthy subjects. We assessed the interrelationships of GH-regulated muscle transcripts with endurance exercise in a healthy population. The measures in tibialis anterior muscle identified a similar correspondence between mitochondrial volume density and levels of FABP3, LIPE, PPARG gene transcripts of lipid mobilization as seen in the treated hypopituitary patients (Fig. 4C) . Network analysis of the muscle transcriptome indicated that tight interconnectivity of the expression levels of the former transcripts for LIPE, Fig. 3 . Growth hormone-dependent metabolic pathways. Network of correlations in hypopituitary patients before (A) and after growth hormone replacement therapy (GH-RT, B). Edges that were lost (A) or gained (B) are indicated as red lines. All shown edges met the criteria of | r | Ն 0.7, P Յ 0.01. Entities correspond to those identified in the robust network (see Fig. 1 ). Topology analysis identified a significant difference between the visible entities pre-and post-GH-RT. GLUT4 transcript (A) and entity 5 with transcripts of lipid metabolism in skeletal muscle (B) are indicated by arrows.
PPARG, FABP4, and GLUT4 is a feature of the response to endurance exercise (Fig. 4, E and F) .
DISCUSSION
GH exerts important control over body metabolism in the adult by regulating protein and energy metabolism (17) . Our goal was to seek whether network analysis of selected metabolic parameters before and after the therapy of GH deficiency is useful to expose the integration of GH-regulated whole body metabolism in humans. This test pointed out that molecular, micro-, and macroscopic scales of metabolic pathways are organized in discrete entities ( Fig. 2A) and that these characterize the three main metabolic states, i.e., EE at rest, with physical work and with diet-induced thermogenesis, and respiration (21) . For instance the relationships in entity 1 reproduced the known implication of skeletal muscle mass in the setting of metabolic rate at rest (5, 17, 24, 29) . Similarly the observations in the GH-treated state support the equivocal association of metabolic fitness with basal metabolic rate (5, 20, 24) . This notion was corroborated by the GH-RT induced relationship between set points of local aerobic fitness, capillarity and mitochondrial density, and peak oxygen uptake during two-legged exercise (32) . By (re)discovering the clustering of metabolic parameters according to system physiological knowledge (see Fig. 5 ) our results validate the suitability of a network approach to expose regulation between different biological scales and processes in men (1, 6) .
Importantly, none of the factors reflecting muscle composition (i.e., transcript or organelle) was part of the three stable entities in the untreated GH-deficient patients. With replacement therapy, connectivity was established between organelles of lipid metabolism in muscle, i.e., mitochondria and intramyocellular lipids, and serum variables of lipid handling after a meal through a new entity 5 of muscle transcripts of lipid metabolism and fiber area (Fig. 3B, Table 4 ). This included gene messengers for factors of the myocellular transport (FAPB3) and hydrolysis of lipids (LIPE), the master regulators of oxidative metabolism (PPARA and PPARG), and the facilitative glucose transporter GLUT-4 (Fig. 1) . Intriguingly, the transcript for the component of the mitochondrial respiratory chain, COX1, also became related to respiratory quotient in the preprandial state (Fig. 3B, Table 4 ), but this relationship (i.e., "edge") was disconnected from mitochondrial content. This indicates that the GH-dependent amelioration of metabolic fitness is driven by improved stochiometry between the pathways involved in substrate delivery and ATP production in skeletal muscle as well as a quantitative increase in muscle (i.e., lean) mass.
This notion is supported by a number of connections between metabolic processes that, to the best of our knowledge, were seen for the first time (see Fig. 5 ). This was indicated by linear relationships between concentrations of serum triglycerides after a meal test and gene transcripts for factors of the mobilization of lipids in the vascular compartment, i.e., the fatty acid binding protein of adipocytes FAPB4 and lipoprotein lipase LPL. Notably the numerical values of these parameters were not significantly affected by GH-RT (Supplemental Table  S1 ) even when LDL-cholesterol and total cholesterol were lowered, in line with previous suggestions (7) . This effect differs to another study with GH-deficient subjects commenting on elevated LPL mRNA in skeletal muscle after a year of GH-RT but when body fat was, in contrast to our study, not altered (14) . By contrast our study shows that GH-RT induces a clustering of LPL to entity 2, reflecting triglyceride handling in serum after a meal. This indicates that connectivity between muscle and whole body lipid metabolism as a whole, but not single bottlenecks, are improved with GH-RT. This supports the notion that GH-induced adaptations of triglyceride storage and lipid oxidation in the skeletal muscle are context-dependent (30) . In the frame of our 3 mo intervention, highly interconnected elevations in EE and lean body mass (Table 2) rather than qualitative changes of skeletal muscle appear to account for the improved aerobic poise with GH-RT.
Interestingly, the transcript level of hormone-sensitive lipase, LIPE, which was elevated in tibialis anterior muscle post-GH-RT demonstrated hub function and this involved dependencies with triglyceride handling in serum (Fig. 2B , Table 3 ). Changes in LIPE mRNA content, and those of other transcripts of lipid handling, in hypopituitary patients also showed GH-induced linear relationship to ultrastructural correlates of myocellular lipid handling (mitochondria and IMCL), which were the norm in healthy individuals (see Fig. 4 . Growth hormone-dependent connectivity in muscle relates to lipid metabolism. Matrices of the P value weighted correlation measures between muscle transcripts and main fuel stores in tibialis anterior muscle of hypopituitary patients before (A) and after GH-RT (B) and of healthy individuals (C). D shows color scale. For abbreviations see Fig. 3 . Extract of the network of mutual dependencies in the muscle transcriptome with endurance training (E) and the percentage of possible interrelationships (edges) for the transcripts whose connectivity was altered with GH-RT (F). Fig. 4, A-C) . Our present observations imply that expression control of this major lipase (HSL) in muscle by GH is embedded in coordinated regulation of metabolic factor expression (17) . This observation indicates that the reduction of body fat content and aerobic performance in hypopituitary patients with GH-RT is driven by increased interplay between expressional mechanisms of lipolytic pathways in skeletal muscle (33) .
GH-regulated transcripts of lipid metabolism in skeletal muscle (LIPE, FABP4, PPARG), but not COX1, were also regulated in a highly interdependent manner by endurance exercise (Fig. 4E) . The GH-induced changes in the correspondence between these parameters (entity 5) were associated with those of entity 1, which contained a number of parameters of basal and exercise-induced metabolism, which were elevated post GH-RT as well as the highest interconnected node, EE. This supports the notion that GH and exercise control metabolic fitness through a common regulatory pathway of lipid mobilization in skeletal muscle, which is coupled to EE.
Several limitations apply to the multicorrelation testing in a physiological system. First, it may be argued that the investigated linear relationships are not the norm for biological processes that are driven by molecular reactions that may not show a normal distribution. However, we identified a mostly random distribution of residuals for the Pearson correlations used to identify relationships (data not shown). This post hoc analysis and the composition of formed entities support our general assumption of a linear correspondence between parameters that characterize a metabolic pathway. One may object that the selected level of significance introduces bias for the apparent relationships between nodes and entities. Robustness of the exposed relationships is supported by the analysis of the dependence of the number of edges (connections) and the selected statistical cut-off. The visualization shows a flat landscape for the number of nodes that were excluded because they did not meet the criteria of an absolute r values (|r|) Ն 0.7 (Supplemental Fig. S4 ). This indicates that the bias introduced by the selected cut-off of P Յ 0.01 is to the greatest extent not discrete. In consequence the topology of the correlation network was not essentially influenced by the selected statistical stringency (Supplemental Fig. S1 ). Support for the accuracy of identified organization of connectivity based on multicorrelations is brought about by a large similarity in the robust network as revealed by mutual information analysis (compare Fig. 2, A and B) . The notion of stability is also supported by retrospective statistical analysis, which reveals that our correlation approach develops a sizable median power of 0.99 (see Supplemental Methods).
Our observation on linear correspondences between molecular-biological, anatomical, and physiological parameters of metabolism in tibialis anterior muscle and metabolic rates has implications for future research. It implies that the investigation of small tissue samples can produce a representative reflection of muscle's involvement in whole body metabolism. This validates the generic assumption that conclusions on the system contribution of skeletal muscle to metabolic plasticity can be drawn from the study of compositional alterations in biopsy samples (13) . The identified boundaries between connected metabolic processes (entities) also have bearing for system approaches aiming to model metabolic performance (9, 34) . In this regard, our findings start to expose the connection of pathways that underpin major biological paradigms such as symmorphosis, which considers that organellar variables of oxidative metabolism scale with whole body variables of activity-induced EE such as V O 2max (26) . The outlined approach therefore may be useful for high-throughput system approaches that explore the higher-order principles behind the interactions of molecular and cellular factors that shape multicellular processes (4, 35, 36) .
Conclusion
The present novel observations validate the suitability of a network approach to identify physiologically important pathways. Altered topology of the metabolic network implies that improved connectivity between components of lipid oxidation in muscle and system variables of metabolic rate intervene in GH-modulated improvements in metabolic fitness in humans. The uncovered relationships have major ramifications for our view of muscle's role in metabolic disease and its treatment. 5 . Summary of pertinent relationships between biological levels. Indicated correspondences refer to the main entities of the correlation network (criteria | r | Ն 0.7, P Յ 0.01). Parameters belonging to a same entity are contained in the same box. Black lines denote stable positive correlations. Lines with arrowheads indicate correlations that were produced with GH-RT of hypopituitary patients. BMR, basal metabolic rate; EE, energy expenditure; PP, peak muscle performance; RQ, respiratory quotient; VO2, peak oxygen uptake; ⌬BMR, ⌬TG, diet-induced differences in BMR (after vs. before a meal) and serum triglycerides, respectively. For other abbreviations see Fig. 1 . Parameters whose connectivity represents existing knowledge are shown on a white background. Those relationships that were seen for the first time are on a grey background.
